SUMMARY
Mice that received rat bone rrrar'row intravenously as a prfmury or secondary injection showed rnaeked cellular alterations in white pulp of the spleen and, to a lesser extent, in the other Iymphatic tissues. The secondary response to rat rnazrow resernbded an accelerated version of the prdmury response in the white pulp of the spleen. Throughout the white pulp, dissociated growth of Ab-forrnfng cells, probably derived from gerIninal-center cells, was the characteristic cellular change. Hyperplasia of gerrnrnal centers in the spleen was present during the restitution phase.
After an intravenous injection of bornologous bone rnaerow, dissociated growth of Ab-forIning cells was present in the white pulp. It lasted several days longer than the dissocia ted growth after injection of heterologous rrrazrow, Hyperplastic germfna] centers persisted for 6 weeks, and growth of the hyperplastic germfna] centers characterized the secondary response to homologous rrrazrow, Injection of isologous bone rnazrow did not cause changes in the white pulp of the spleen.-J. Nat.
Cancer Inst, 28: 305-329,1962. THE PROBLEM of the cellular basis for the immune mechanism has never been adequately resolved, even though for several decades many investigations dealing with this matter have been reported in the scientific literature. There is general agreement that the organized lymphatic tissues are the system of primary importance in the immune response. Nearly general agreement exists that pyronine-staining cells of the plasmacell series are intimately concerned with the immune response. In specific lymphatic organs, however, it is not known whether immune response begins in the cortex or medulla of a lymph node or whether the white pulp or the red pulp is the site of origin of the immune process in the spleen.
The hypothesis proposed in the present paper is that the immune response to foreign tissues starts in the white pulp of the spleen and the cortex of the lymph nodes, and that cellular proliferation in other sites presumably represents migration of cells to these places. In the further development of the hypothesis, based on histologic studies after tissue transplantation, it is proposed that the germinal-center cells of the lymphatic tissues respond to the antigenic stimulus and proliferate and differentiate to give rise to immunologic phenomena and foreign-tissue rejection. This hypothesis is not entirely new and probably should be considered, in part, a rediscovery of the view originally proposed by T. Hellman and his colleagues who thought that the reaction center (germinal center) in the lymphatic tissues was the organ of the immune response.
The present work began during the study of the histologic response in the lymphatic tissues of lethally irradiated mice to an injection of rat bone marrow. A cellular reaction suggestive of an immunologic process took place within 3 days in the white pulp of the spleen and in the lymph-node cortex (1) . The reaction did not occur when isologous bone marrow was injected into irradiated mice nor when mice were irradiated only (2) .
Further study showed that a cellular reaction of the same general type and course developed in mice receiving sublethal radiation before rat bone marrow injection; it also occurred in normal mice given rat bone marrow (2, 3) .
Definitive evidence that these cellular changes represent an immunologic reaction has not yet been obtained. From a histologic point of view, however, the cells produced in the reaction closely resemble those studied in other sites within the lymphatic apparatus, which are generally considered antibody-forming cells (.~). In addition, the cellular transformations in the white pu1p of the spleen and lymph-node cortex do not resemble other known basic tissue changes such as acute inflammation or neoplasia, since necrosis, exudation, suppuration, and malignant transformation were absent.
The present report describes a continuation of investigations into the reactions of lymphatic tissues to foreign marrow. It is a study of primary and secondary histologic response in normal mice given different doses of rat or mouse bone marrow. Major emphasis was placed on the transformations of germinal-center tissue within the lymphatic organs, particu1arly the spleen, since preliminary work, as mentioned, showed that the germinal centers were intimately involved in the immune mechanism (2, 3, 5, 6) .
MATERIALS AND METHODS
The recipient animals in most of these experiments were male (101 X C3H)F 1 mice 3 to 4 months old. In one experiment (C57L X A,/Jax)F 1 male mice 3 to 4 months of age were used. They were caged in groups of 10 and allowed free access to food and water. All injections were given intravenously. We made bone marrow preparations by flushing the marrow from the long bones of mice or rats with Tyrode's solution and adjusting the desired number of cells to 0.5 ml for injection into each mouse.
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To get the marrow preparations, we used the standard techniques developed over a period of years for obtaining marrow from mice or rats to transplant into lethally irradiated mice. The Tyrode's solution was sterile. Flushing the marrow from the long bones and through the sterile needle of a syringe caused some breakdown of cells. No attempt was made to wash the cells or to guarantee absolute bacterial sterility. Since isologous, homologous, and heterologous marrow cells were all similarly prepared, the problem of bacterial antigens and toxic products of cell breakdown contributing to the results seemed adequately controlled.
The plan of the experiments was to inject the mice, then remove one mouse from the experiment each day for necropsy. Animals were killed with ether. Spleen weight and body weight were taken. In the first experiment only, additional mice received an injection of 100 X 10 6 rat bone marrow cells to get more data on spleen weight; otherwise, one animal per point was killed for spleen and body-weight data. In the majority of experiments most of the lymphatic tissues were taken and fixed in Zenker-formol solution. In a few experiments, only the spleen was examined. Hematoxylin and eosin sections were prepared for histologic study.
RESULTS
A schematic diagram showing the anatomical relations of the major histologic structures in the organized lymphatic tissues of the mouse is shown in text-figure 1.
Lymphatic Tissues of Normal Mice
The control material for these experiments consisted of the lymphatic tissues taken from 13 normal (101 X C3H)F 1 male mice and spleens taken from 5 normal (C57L X A/Jax)F 1 males. In addition, 7 (101 X C3H)F 1 males received 1 ml of Tyrode's solution intravenously. An animal was killed and the spleen was taken for sectioning each day for 7 days. No changes could be attributed to the injection of Tyrode's solution.
This material was studied primarily to observe the variability in the geminal-center structures of the organized lymphatic tissues and to understand its histology in the normal animal. We have, in addition, drawn freely on our past experience with lymphatic tissues in many bone marrow transplantation studies to recreate the architecture and arrangement of germinal-center tissue in the mouse (see text- fig. 1 ).
The size of the germinal centers varied in the spleen and lymph nodes, but large germinal centers were usually observed in the Peyer's patches. In all locations and in different sizes of germinal centers, there was almost invariably a differential staining reaction to hematoxylin and eosin VOL. 28, NO.2, FEBRUARY 1962 There was a regular orientation of the germinal centers with respect to the dark-and light-staining areas for each kind of organized lymphatic tissue. In the spleen the dark-staining area was nearest the central artery, and the light-staining area faced the red pulp. The light-staining area faced the marginal sinus in lymph nodes and the lumen of the intestine in Peyer's patch.
None of our control material showed the changes described for lymphatic tissues of mice given foreign bone marrow, though plasma-cell accumulations in red and white pulp of the spleen, as well as lymph-node medulla, were occasionally seen.
Prirnary Response of Lymphatic Tissues to Rat Bone Marrow Cells
In this experiment 15 mice received 100 X 10 6 rat bone marrow cells each, and another group of 15 received 1 X 10 6 rat marrow cells each. Serial necropsy was performed.
The spleen weight-body weight ratio is plotted in text-figure 2 for these 2 experiments. Five extra animals per point were used to determine the curve for the larger dose. A marked temporary increase in spleen weight occurred with both rat marrow cell doses. Both curves were near the normal value at the end of the 15-day period.
With the 100 X 10 6 rat marrow cell dose, marked alteration in the white pulp of the spleen was seen within 24 hours. No organized germinal- center tissue could be found (figs. 3 and 4). The white pulp was expanded and looked somewhat edematous around the central artery. Lymphocytes were located mainly at the peripheral portion of the white pulp. Many large cells, rarely seen in normal animals, were scattered through the edematous portion of the white pulp. They had large vesicular nuclei with a conspicuous, intensely eosinophilic nucleolus and poorly delimited cytoplasm that was usually basophilic. With methyl greenpyronine staining the cytoplasm was pyroninophilic. Using Wissler's terminology (4), we refer to these cells throughout this report as Abforming cells. Some collections of cell debris, presumably the "tingible bodies," were noted in the interior of the white pulp. The process just described, in which the germinal centers disappear and the white pulp is replaced by Ab-forming cells, is called" germinal-center dissociation." It has been described in more detail elsewhere, and was known to earlier histopathologists as "blurring of the white pulp" (7, 8) .
Large cells, showing marked eosinophilia of both the nucleus and cytoplasm, were also found throughout the white pulp. Their identity is not known, but they appeared to be degenerating. At 48 hours few lymphocytes remained, and most of the white pulp was filled with Abforming cells (figs. 5 and 6). Many mitotic figures could be seen in the white-pulp area. There were no germinal centers. Isolated cells resembling the Ab-forming ones were also in the red pulp of the spleen. At 3 days the white pulp showed the changes of the previous 48-hour interval. In addition, some of the Ab-forming cells had an eosinophilic cytoplasm and resembled young plasma cells. Lymphocytes were scattered throughout the white pulp. All cells in the series, from germinal-center cells, Ab-forming cells, to plasma cells, showed pyroninophilia of their cytoplasm.
In the day-4 specimen, most of the preceding changes had disappeared. Large and small clusters of newly formed germinal-center cells were in the white pulp. Few Ab-forming cells could be found. Some were in the regenerating germinal centers. Plasma-cell collections were located at the white pulp margin and "tingible bodies" were in the regenerating germinal centers.
The increase in spleen weight during the first 3 to 4 days after injection (text- fig. 2 ) occurred at the same times as the development of the cellular reaction just described.
Hyperplastic germinal centers with prominent "tingible bodies" characterized the white pulp on days 5, 6, and 7 after a 100 X 10 6 rat marrow cell dose (figs. 7 and 8). The germinal centers were much smaller in the day-8 and later specimens, reaching nearly normal size at 10 or 11 days. A schematic diagram of the preceding series of changes is shown in text- figure 3 .
The same pattern of changes seen in the white pulp of the spleen was in the cortices of many lymph nodes and to a much less extent in the Peyer's patches. Germinal-center dissociation was seen on day 2 in the lymph nodes instead of on day 1 as in the white pulp of the spleen (figs. 9 and 10). TEXT-FIGURE 3.-Schematic diagram illustrating the major sequential histologic changes observed in the white pulp of the spleen after intravenous injection of rat bone marrow.
The intensity of the cellular reaction in the lymph nodes during the first 3 days was not as great as that taking place at the same time in the white pulp of the spleen.
Only one instance of germinal-center dissociation with Ab-cell formation was seen in a Peyer's patch. This was in a day-2 specimen. However, Ab-forming cells developed to some extent in the germinal centers of Poyer's patches while they were also forming in other lymphatic tissues. Presumably, the immune-tissue reactions developed to a lesser extent in the Poyer's patch because less antigenic stimulus was received.
The thymus did not change significantly during the experiment as far as could be determined by its histologic appearance. Similarly, the red pulp of the spleen and the bone marrow showed no systematic alterations.
In the group receiving 1 X 10 6 rat bone marrow cells, the changes in the white pulp of the spleen were qualitatively similar and occurred at the same time as those in the group receiving 100 X 10 6 rat cells. Quantitatively, however, the reaction was much reduced with the smaller cell dose. Not all germinal centers disappeared, and the Ab-forming cell proliferationwas confined to only a portion of the white pulp in some instances. Collections of young plasma cells at the white-pulp margin were present on days 4 and 5.
The lymph nodes in the lower-dose experiment showed some evidence of Ab-forrning cell proliferation in the cortex, without loss of germinal centers. Marked germinal-center enlargement was observed, however, in some nodes during the first few days after rat bone marrow injection. An occasional node also showed unexpectedly large numbers of plasma cells in the medulla in the day-4 preparation. Thereafter the lymph nodes showed the normal range of histologic appearances.
Secondary Response of Lymphatic Tissues to Rat Bone Marrow Cells
For this experiment 13 mice received 100 X 10and necropsied, and the remainder were given another intravenous injection of 100 X 10 6 rat marrow cells. One animal was killed and necropsied each day for 12 days. Another group of 15 mice was similarly treated except that the dose of rat bone marrow was 1 X 10 6 cells for both injections.
The spleen-body-weight ratios for both experiments are illustrated in text-figure 2. The peak spleen weight was reached 2 days earlier for both marrow doses than it was in the primary response to the same antigenic materials.
The control animal for the larger cell dose, received 6 weeks earlier, showed lymphatic tissues in the normal range of histologic appearance. In the day-l specimen there was marked proliferation of Ab-forming cells, loss of germinal centers, and reduction in lymphocytes. Some additional proliferation of Ab-forming cells was seen in the day-2 white pulp of the spleen and further reduction in lymphocytes. Young plasma cells were prominent at the margin of the white pulp and along some trabeculae. A few germinal centers showed partial restitution. At day 3 there was continued regeneration of germinal centers and reaccumulation of lymphocytes with few Ab-forming cells present. Plasma-cell accumulations along red-pulp trabeculae and at the margin of the white pulp were noted. Large regenerating germinal centers characterized the white pulp on day 4. Ab-forming cells had disappeared except for some in the germinalcenter cell mass. Lymphocyte accumulations were nearly normal and few plasma cells were observed. Prominent "tingible bodies" were in the germinal centers. At later intervals the spleen looked normal.
From these results it is apparent that the secondary response of the white pulp of the spleen to the large dose of rat marrow was qualitatively similar to the primary response, but it differed quantitatively in that the tissue reaction was accelerated in time. The amount of plasma-cell proliferation also seemed greater.
The only definite effect on the lymph nodes after the second injection of marrow that seemed related to the injection was moderate hyperplasia of the germinal centers during the first 4 days. There also were a few Abforming cells in the cortex of some lymph nodes at days 1 and 2 after the second marrow injection ; their appearance probably was part of the response. The secondary response in lymph nodes to rat marrow injection differed markedly from the primary in that what . little reaction occurred was greatly accelerated in time. The accelerated spleen reaction may. have masked the .lymph-node response by preventing significant persistence of antigenic materials.
The secondary response in the white pulp of the spleen to 1 X 10 6 rat marrow cells resembled the primary reaction in this tissue to 100 X 10 6 rat cells. All germinal centers had disappeared on day 1 and the edematous-looking white pulp contained many Ab-forming cells. Collections of young plasma cells were present at the white-pulp margin and sometimes extended along trabeculae in the red pulp. Day-3 spleen was similar to day-2, except for the presence of regenerating germinal centers in nearly every section throughout the white pulp. The young plasma-cell collections in the red pulp along trabeculae were prominent. Ab-forming and plasma-cell accumulations had nearly completely disappeared in the day-4 and -5 spleen, and the basic structures of the white pulp returned to normal. There was little evidence of germinal-center hyperplasia in the spleen at this cell dose.
In comparison to the primary response to 1 X 10 6 cells, the secondary response not only occurred more quickly but also was much greater in extent. The qualitative changes, however, were basically the same for primary and secondary responses. The same types of cells were involved in the same sequence of changes.
The lymph nodes in the secondary response to the small dose of rat cells were about the same as for the large dose. There was little evidence of Ab-forming cells, and transient germinal-center enlargement was observed.
Peyer's patches, thymus, bone marrow, and red pulp of the spleen did not show significant alterations in either of these two secondary doseinjection groups.
Primary Response of Lymphatic Tissues to Homologous Bone Marrow Cells
Thirteen mice received 100 X 10 6 (C57L X AjJax)F 1 homologous bone marrow cells, and 15 received 1 X 10 6 cells of the same type. The animals were killed and necropsied. The spleen-weight response is shown in text-figure 4. It differed markedly from the spleen-weight response to heterologous marrow cells in that the elevated weight did not return to normal during the observation period for either homologous cell dose.
The histology of the spleens in the group given the larger homologous cell dose indicates that congestion of the spleen probably contributed to the weight increase. The reaction in the white pulp was similar to that of the rat marrow-treated animals but differed in that the reaction period was longer. There was an initial day-1 disappearance of germinal centers and a mild edema-like character in the central portions of the white pulp.
Scattered Ab-forming cells were also noted, but, instead of the proliferative reaction building up to a peak during the next 2 days, there was little change until day 5. During this indolent phase some germinalcenter restitution was seen, and the reaction appeared to regress. Lymphocytesdid not disappear.
In the day-5 specimen a second reaction phase appeared with loss of germinal centers, expanded white pulp,and intense congestion of the red pulp. Thereafter, there were increasing numbers of Ab-forming cells in the white pulp and many plasma cells at the white-pulp margins until a peak response was seen about day 9. During the second phase of the response there was also loss of lymphocytes. Quick restitution was present on day 10 and thereafter, with presence of hyperplastic germinal centers and often many plasma cells at the white-pulp margins. On day TEXT-FIGURE 4.-Spleen to body-weight ratio after primary and secondary injection of homologous bone marrow; (101 X C3H)Ft male mice; 0: 100 X 10 5 (C57L X A/Jax)F t bone marrow cells; .6.: 1 X 10 ft (C57L X A/Jax)F t bone marrow cells.
13, the last day an animal was examined in this group, the germinal centers were still hyperplastic and the red pulp was congested. Some return of lymphocytes was noted, but the numbers were less than usually present in a normal spleen. A few small plasma-cell collections could still be found. It was difficult to find a definite pattern of change in the lymph nodes. During the first 4 days a few showed germinal-center enlargement. Some had many plasma cells in the medulla and occasionally a node had a few Ab-forming cells in the cortex. The day-9 and -10 specimens showed many Ab-forming cells in the cortices of some nodes, and germinal-center hyperplasia was noticeable at these intervals. Plasma cells in the lymphnode medulla were also greater in numbers than in lymph nodes of normal mice.
Bone marrow, thymus, and Peyer's patches showed no major alterations in this series.
The 1 X loa dose of homologous (C57L X AjJax)F 1 marrow cells in the (101 X C3H)F 1 normal mouse gave the same sequence of changes at the same time intervals as those of the 100 X 10 5 cell dose. The reaction was, however, not as great quantitatively as for the larger dose. Congestion of the red pulp of the spleen was also present at the lower cell dose and probably contributed significantly to the spleen-weight increase.
Comparison of lymphatic-tissue reactions resulting from primary in- Sixteen mice received a primary injection of 100 X 10 6 (057L X A/Jax)F 1 marrow cells and 15 received 1 X 10 6 (057 X A/Jax)F 1 marrow cells. Six weeks later an animal was removed from each group for necropsy, and the remainder received a second intravenous injection of the same amount given in the primary injection. As with previous groups, one animal was removed from each group nearly every day and necropsied. Text- figure 4 shows the spleen-weight curves. The increase in weight after the second injection was prompt for both cell doses and returned toward normal levels soon, compared to the spleen-weight changes after the primary injection. Although there was some congestion of the red pulp of the spleen in the secondary response, it was less than that seen with the primary response to homologous bone marrow.
For the larger cell dose the spleen of the control animal examined at 6 weeks after the primary injection could not be considered normal. Large, active germinal centers were in every section of the white pulp. The" tingible bodies" were large and more numerous in each germinal center. In addition, there were collections of plasma cells in a few whitepulp areas. These findings were interpreted to mean that complete restitution of the white pulp to a normal state had not occurred during the 6-week period after primary injection.
The white pulp of the spleen of mice receiving the 100 X 10 6 cell secondary injection exhibited surprisingly little change. A few spleen follicles showed dissociation of germinal-center cells and subsequent early Ab-cell formation and plasma-cell development. Most of the follicles, however, remained intact. Ab-forming cells were observed in the intact, active-looking germinal centers.
Rather striking hyperplasia of germinal centers was in the day-3 spleen ( fig. 11) . The pink-staining material between cells in the less compact portion of the germinal center was prominent in these spleens after a secondary injection. The significance of this intercellular material in germinal centers is not known. It has a fibrinoid character like that seen at the site of the germinal center in irradiated animals. "Tingible bodies" were numerous in all germinal centers. Some of the large eosinophilic, degenerating cells were also observed. Throughout the 17-day period of observation the germinal centers remained relatively as large and active as those of the control animals which were examined immediately before the secondary injection. Some reduction in number of lymphocytes was present during the 1st week after injection. Relatively VOL. 28, NO.2, FEBRUARY 1962 few plasma cells were seen in the spleen after the secondary injection, compared to the primary. The congestion was also less pronounced and of shorter duration.
In the lymph nodes, Poyer's patches, thymus, and bone marrow there were no definite changes that could be attributed to the secondary injection, though the germinal centers in some animals during the early part of the experiment seemed larger than normal, and the numbers of Ab-forming cells and plasma cells slightly increased over those usually found in lymph nodes of normal mice.
The secondary injection of 1 X 10 6 homologous cells gave the same response as the larger marrow dose. In this group, the control animal also had large, active germinal centers 6 weeks after the primary injection. The major feature of the secondary response was enlargement of the germinal center. The centers did not return to normal size during the 15-day period of serial killing.
PriInary and Secondary Response of Lymphatic Tissues to "Isologous" Bone Marrow Cells
The plan for this work included a control isologous experiment in which (101 X C3H)F 1 male mice received 100 X 10 6 or 1 X 10 6 isologous hone marrow cells as primary and secondary injections. An animal from each of the 4 groups was killed and necropsied every day for 17 days, a procedure followed with the homologous and heterologous marrow injection series. After the "isologous" groups were necropsied, isologous skin grafts in this particular type of F 1 hybrid were rejected (i.e., 10 out of 10 isologous grafts were rejected 15 to 37 days after transplantation). Further study showed that the C3H parents of the F 1 hybrids were truly isologous. There were no rejections of grafts in 30 animals. The genetic heterogeneity in the (101 X C3H)F 1 mice came from the 101 parent, since 56 out of 56 skin grafts were rejected in 10 to 65 days after transplantation. The results in these "isologous" experiments are reported briefly in this paper as an example of a homologous marrow cell injection in which the genetic differences between the donor and the host are less marked than in the usual homologous relationship in which skin grafts are routinely rejected 9 to 11 days after transplantation. The mice used for the marrow injection were a different group from those used for the skingraft tests. All mice were young adults about 3 months of age at the beginning of the experiments.
For both primary "isologous" cell injections there was no regular increase in spleen weight, though individual mice at the time of necropsy showed increases in spleen weight.
The histologic changes in the white pulp of the spleen, after the higher cell dose, resembled the results of a primary injection of homologous marrow. The initial germinal-center cell dissociation and Ab-cell formation were present during the first 2 or 3 days, which was followed by a second period with slight build-up of Ab-forming cells at about the 9th day after injection. Some plasma-cell proliferation was seen throughout JOURNAL OF THE NATIONAL CANCER INSTITUTE Downloaded from https://academic.oup.com/jnci/article-abstract/28/2/305/902140 by guest on 19 November 2018 the 17-day period of observation. Large germinal centers did not develop, and, on the last day an animal was examined (day 17), there was still evidence of Ab-forming cells in the white pulp. These findings resembled a more prolonged version of the primary homologous cell inj ection described earlier.
The lower "isologous" cell dose gave a similar, though less marked, low-grade, drawn-out, immune tissue reaction in the white pulp.
Although no clear pattern of changes was seen in the lymph nodes or Peyer's patches in this material, an occasional node showed Ab-forming cells in the cortex or unusual plasma-cell proliferation in the medulla.
For the secondary response studies in these "isologous" mice, only the spleen was examined at necropsy. Fifteen animals received 100 X 10 6 "isologous" bone marrow cells, and an additional 15 mice received 1 X 10 6 "isologous" cells 6 weeks after a primary injection of the same number of cells. The spleen-weight curves showed a significant spleen-weight increase 3 to 4 days after the larger cell dose. A control spleen was taken before the second injection, and one animal was examined daily thereafter as in previous experiments. The findings were essentially the same as in the secondary response to homologous bone marrow cells, though on a reduced scale.
To get a true isologous control experiment it was necessary to use a different F 1 hybrid mouse. The (C57L X A/Jax)F 1 male mouse was tested by skin isografts, and permanent takes were observed in 19 grafted animals. Fourteen mice of this type were given 100 X 10 6 isologous bone bone marrow cells intravenously. Each day thereafter an animal was killed, and the spleen was weighed and fixed for histologic sections. Another group of 13 received a similar injection, and were then put aside for 6 weeks for a secondary injection of 100 X 10 6 isologous bone marrow cells. One mouse was killed as a control at the time of the secondary injection, and the remainder were examined (l animal a day for 12 days) for spleen weight and histology.
There was a great variation in the individual spleen weights, but no systematic changes were seen.
The spleens of mice receiving the primary injection of isologous bone marrow cells showed the histologic picture of normal mouse spleen. Germinal centers were present and usually appeared small in a cross section. One spleen had somewhat enlarged germinal centers in the white pulp, but this is not unusual in normal mice. During the 14-day period of observation there were no regular changes in the spleen that could be attributed to the isologous marrow injection. The same was true of the mice receiving a secondary injection of 100 X 10 6 isologous marrow cells. During the 12-day observation period the spleens examined were like those seen in normal mice. DISCUSSION In the work just described the cellular changes in the organized lymphatic tissues, after intravenous injection of heterologous or homologous VOL. 28, NO. 2, FEBRUARY 1962 bone marrow, take place first in the white pulp of the spleen and in the cortex of lymph nodes. The degree of cellular change in the primary response depends on the amount of foreign tissue injected.
With the spleen as the model system to discuss, the following major changes were observed within 24 hours after heterologous bone marrow injection: (a) loss of organized germinal centers, (b) loss of lymphocytes, and (c) appearance of Ab-forming cells throughout the white pulp. The Ab-forming cells are thought to come from the dissociated germinalcenter cells by transformation, migration, and proliferation. Similarly, the plasma-cell proliferation at later intervals at the margin of the white pulp is believed to come from the Ab-forming cells. We think that the germinal-center cells give rise to Ab-forming and plasma cells because: The relative lack of germinal centers in germfree animals and the state of lymphatic tissues in persons with agammaglobulinemia might also be used as evidence for the relation of the germinal center to the immune mechanism (10, 11) .
The time of peak response of the cellular reaction in the white pulp to a primary injection of foreign bone marrow depended on the genetic relationship of donor and host tissue. With rat bone marrow injection the mouse tissue response was quick, and restitution of the white pulp occurred promptly-results that might be expected in a heterologous system. Homologous bone marrow caused a more prolonged course of cellular change in the recipient mouse, and restitution of the white pulp to a normal state was considerably delayed. This result also is what might be expected in a homologous system, if the fate of skin grafts is taken as an indication of the duration of the homograft reaction. In our "isologous" system without complete isogenicity, in which we found greater duration of skin-graft survival than in the classical homologous situation, the cellular reaction was even more drawn out. In a truly isogenic system, shown by persistence of skin grafts, the germinal-center reactions were not observed.
Loss of tissue lymphocytes during the first 2 or 3 days after the foreign marrow injection is one of the striking features of the white pulp alterations of the spleen. The lymphocyte loss is probably also taking place in the lymph nodes, but, since the lymph-node changes are less well synchronized than those in the spleen, it is not as easy to recognize. A stress reaction initiated by the antigenic stimulus might release adrenocortical hormones, and in this way cause lymphocyte loss from the white pulp (12) . The thymus, however, during this interval does not show weight changes or any marked histologic alteration, so that the stressreaction explanation is not entirely satisfactory. There is no absolute JOURNAL OF THE NATIONAL CANCER INSTITUTE Downloaded from https://academic.oup.com/jnci/article-abstract/28/2/305/902140 by guest on 19 November 2018 proof that the lymphocytes do not transform into the Ab-forming cells. Studies have not been carried out on adrenalectomized animals.
The response to a second intravenous injection of foreign bone marrow, 6 weeks after the primary, gave a more complicated picture. The cellular response and the spleen-weight changes were more prompt than for a primary injection, and the larger cell dose gave more intense cellularchange response than the smaller dose. At the time of the second injection in the heterologous system, the white pulp of the spleen was normal histologically. The response to the second injection resembled that of the first except that it was accelerated and showed more plasma cells. In homologous marrow experiments, the white pulp could not be be considered normal at 6 weeks, and, although some response of the primary type occurred, the major change was a growth or hyperplasia of the germinal center. From the point of view of this work, the failure of the white pulp to reach a normal state by 6 weeks suggests that an antigenic stimulus is still present, and the hyperplasia of the germinal center is a type of immune tissue response without cellular dissociation. Other workers have reported germinal-center enlargement to secondary antigenic stimuli (13) ; in the present studies with a primary injection, we recognized a hyperplastic phase of the germinal center during the restitution of the white pulp.
Enlargement of reaction centers or germinal centers has also been noted by other workers after a primary antigenic stimulus (14) (15) (16) (17) . In general, we think a period of dissociated growth of germinal-center cells precedes the hyperplastic regenerative phase of the germinal-center growth when there is a large amount of antigenic material injected, but this theory needs further study. The dissociated period of cell proliferation might account for the migration of Ab-forming cells into the red pulp of the spleen and the medulla of lymph nodes.
The changes in lymphatic tissue of animals after bacterial or parasitic infection described by Conway (18) and by Taliaferro and Cannon (19) seem identical to many of the alterations in lymphatic tissues after injection of foreign bone marrow reported in the present work.
There is a limited amount of literature available on lymphatic-tissue reactions to foreign grafts. Ellis et al. (20) found that C3H tumors proliferated briefly, then regressed when implanted subcutaneously in strain A mice. In these resistant mice the lymph nodes became hyperplastic and showed an increase in size and number of germinal centers as well as proliferation of young plasma cells in the medullary cords. The hyperplasia of the lymph nodes receded after the tumors disappeared. Accelerated changes of the same type developed in strain A mice already immune to C3H tumor cells. These authors mention that they also found some reaction of this type with C3H tumor cells into C3H mice.
Gallone et al. (21) specifically set out to determine whether the lymphnode cellular reaction to skin homotransplantation in rabbits gave changes similar to those described after injection of known antigenic materials. They found minimal reactions of the regional lymph node to skin auto-grafts on the rabbit ear. There was quick enlargement of germinal centers and a return to normal. There was no increase in plasma cells. With skin homografts, however, marked enlargement of the regional node was observed 4 to 8 days after grafting. They saw hyperplasia of both cortical histiocyte-like and endothelial elements in the lymphatic sinuses. Marked plasma-cell proliferation was noted, and many of the cells were pyroninophilic. Gallone et al. (21) concluded that these changes were similar to those reported in lymphatic tissues after injection of known antigens. Scothorne and McGregor (22) studied the regional lymph nodes and the spleen in rabbits 2 to 10 days after skin autographs or homografts to the ear. There were no changes in the spleen, but marked filling of the lymphnode cortex with large pyroninophilic lymphoid cells was seen at 4 days after homografting. Other changes also were observed, and some were present with autografting. Scothorne and McGregor (22) , like Gallone et al. (21) , thought that the cell they called the "large lymphoid cell" with pyroninophilic properties was similar to the cells seen in lymphatic-tissue reactions to known antigens, such as the transitional cells and immature plasma cells of Fagraeus (23), "lymphoblast" of acute splenic tumor described by Rich et al. (24) , and the Ab-forming cell of Wissler et al. (4) . Scothorne (25, 26) reported also that the "large lymphoid cells" did not have any special relation to the germinal centers. There was a reduction in the development of the "large lymphoid cells" to a skin homograft when cortisone was given to the rabbit.
Radici and Piredda (27) reported changes similar to those of Gallone et al. (21) and Scothorne and McGregor (22) in the regional lymph node of rabbits after skin homografts.
Craigmyle (28) and Burwell and Gowland (29) studied the regional lymph-node response to cartilage and bone grafts, respectively, in rabbits. In both types of tissue, reactive changes in the nodes similar to those seen in skin grafting were reported.
We have examined (unpublished data) the regional lymph nodes, spleen, and other lymphatic tissues of mice after first-and second-set skin homografts, as well as rat-skin heterografts. The changes described by the other workers mentioned were found in the regional lymph nodes. In addition, we often noted similar changes in the white pulp of the spleen, in contrast to the lack of change in the rabbit spleen after skin homografting (22) .
We believe that the regional lymph-node study does not give as clear a picture of the sequential changes as that in the spleen after intravenous tissue transplantation. In particular, the transformations of the germinal center cannot be seen as clearly in lymph nodes as in the spleen, and we are inclined to interpret the findings of previous workers to mean that the unusual cellular proliferations they observed were a result of germinalcenter changes. The changes in the germinal centers and their restitution can go on rapidly.
If the changes in the mouse spleen after intravenous injection of rat (30) have observed the" germinal-center" or malpighiancorpuscle reaction in the spleen of rats after injection of killed Salmonella typhosa and interpret the change as a reaction to liberated toxic substances. They did not observe the reaction when sheep red blood cells were used. These data do not agree with our findings in the mouse, in which sheep red blood cells injected intravenously caused a marked cellular reaction in the white pulp of the spleen (7). Highly purified protein antigens had the same effect.
Our studies have led us to believe that the germinal centers and derived cells of the organized lymphatic apparatus are the essential anatomic component of the immune mechanism.
PLATE 53 FIGURES 5 and 6.-Low-power (X 100) and high-power (X 400) photographs of white pulp in mouse necropsied 2 days after receiving 100 X 10 6 rat bone marrow cells intravenously. Lymphocyte mass has disappeared from white pulp, and Abforming cells with vesicular nucleus and large nucleolus fill up entire white pulp. 
